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Abstract: Turkey is located in the heart of complex transition geography between Eurasia and the
Middle East. In the grand scheme, the so-called Eastern Mediterranean Basin is almost amidst the
dusty belt and a hot spot of climate change. The downstream location of dust carrying winds from
the closer desert sources reveals Turkey as an open plane to particulate matter exposure throughout
the year. In order to clarify this phenomenon, it is aimed to find out the desert dust climatology of
Turkey via CALIPSO onboard Lidar. This prominent instrument enables us to understand clouds,
aerosols and their types and relatedly climatic systems with its valuable products. In this study, 9-
year CALIPSO derived pure dust product is formed to explain horizontal and vertical distributions,
transport heights and case incidences. Results indicated mass and conditional abundancy are higher
with the location shifts from west to east. In the same direction, dominant spring months change to
summer and autumn. Mountain range systems surrounding Anatolia are the main obstacles against
lofted and buoyant dust particles travelling to northern latitudes. Even if high ridges accumulate
mass load on the southern slopes, it also enables elevated particles to reach the ground level of the
inner cities.
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1. Introduction

Components and their abundancy are consistently changing in water, soil, and air
media since the formation of planet Earth. Natural substance flows and corresponding
energy balance, namely cycles, are mainly interfered with by direct and indirect human
activities. Regardless of human intrusion, natural-originated or anthropogenic substances
can be defined as pollutants in the atmosphere due to changes in their abundance. This
situation leads to health and environmental quality degradation [1-7]. In order to deter-
mine these abundance changes and associated epidemiological and environmental im-
pacts, inventory and climatology studies should be conducted, and prepared outcomes
should be kept up to date. By this means, policymakers, environmental, and health au-
thorities can make optimal decisions and undertake affordable risks on local, regional and
global scales.

Turkey is located amidst a highly complicated geographical zone since the country
constitutes a bridge between the European and Asian mainland next to the African conti-
nent. As a result of the intercontinental transition, the most significant part of the country,
the Anatolian Peninsula, spreads over the Eastern Mediterranean Basin and the Middle
East, the most affected regions of global climate change mid-latitude zone [8-10]. Moreo-
ver, surrounding countries and regions have distinctive terrain, flora, and fauna besides
societal, industrial, and administrative characteristics. Local contributions of defor-
ested/natural arid regions, mega/medium cities, fossil-fueled power plants, and highly
industrialized areas suppress atmospheric conditions. Additionally, this unique crossroad
region is under the effect of medium and long-range transport of both biogenic and
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anthropogenic pollutants, as described by Lelieveld [11]. Neighboring urbanized, densely
populated, and industrialized hot spots, and even political turmoil and armed conflicts in
Middle East countries have combined with climate change impacts and led to internal and
external intense migration activities. In addition to all these factors, the Anatolian penin-
sula is amidst of dusty belt and surrounded by two of the largest desert areas in the World
(North Africa and the Middle East). According to mid-latitude westerly and local wind
patterns, the Middle East and North African deserts originated mineral aerosol, namely
dust transport form up an extra load on air quality and relatedly on public health [6,12-
14]. This phenomenon also leads to increased expenditures on services provided by cen-
tral and local authorities such as environmental management, public health, and trans-
portation. Furthermore, within the harmonization process to European Union (EU) ac-
quis, Turkey has obligations to comply with as a candidate country. Within the scope of
the Environment Chapter, it is expected that the gradually decreased limit values in the
Turkish Environmental Legislation will have to meet stated European levels as of the cur-
rent year. More clearly, air quality coarse mode particulate matter (PM) concentration
limit value has been committed to 50pg/m3/24hrs and 40ug/m?3/year by 2019. Allowed ex-
ceedance for daily limit value is 35 calendar days in a year [15]. Although satellites do not
provide aerosol data regarding particulate matter measures based on aerodynamic diam-
eter, guidelines on determining natural contributions to the total load suggest remote
sensing, ground measurements, back trajectories, and models [16]. Here, we serve a vision
for the 2D and 3D aerosol distributions, specifically desert dust.

Although ground-based in-situ measurements are valuable for assessing air quality
variations in urban, rural, and industrial areas, it is impossible to conduct measurements
in each desired location. Eulerian and Lagrangian air quality and climate models, specifi-
cally space-borne remote sensing instruments, sustain spatiotemporally high-resolution
good quality data on the atmosphere and its constituents [17-19].

Over the industrial era, it has been well known that the quantity and the diversity of
anthropogenic aerosol types have highly increased in the atmosphere. For overall aero-
sols, with their direct (-0.27 W/m?) and indirect (-0.55 W/m?) radiative forcing effects,
which are estimated in recent IPCC reports, the most dominating types are sulfate,
black/elemental carbon (BC/EC), and desert dust, respectively [20,21]. Considering the
wet and dry deposition mechanism, these moderately long-lived species may have trans-
ported and mixed through the Planetary Boundary Layer (PBL) and intra-hemisphere
[11]. These full effects still need to be disambiguated to improve effective radiative forcing
associated surface temperature alteration estimations. It can be realized via quantifying
spatiotemporal variations of anthropogenic and natural aerosol types on regional and
global scales [21]. Contrary to relatively younger anthropogenic ones and with inter-hem-
ispheric differences, desert dust is shaping the natural climate cycle via contributing at-
mospheric cooling, glacier formation, algal bloom, vegetative fertilization, global iron cir-
culation, ice nuclei (IN), and cloud condensation nuclei (CCN) formation and precipita-
tion alterations for hundreds of thousands years [22-27].

The intensity of desert dust outbreaks shows seasonality. Also, dust abundancies
may vary from case to case. Due to the geographical location, it is possible to consider the
Anatolian peninsula as a 12-month open exposure region to mainly the Middle East and
North Africa originated dust advection. There has been a limited number of studies de-
fining dust intrusions to Turkish cities’ ambient air for about the last two and a half dec-
ades. Early Saharan dust transport studies mainly focus on determining chemical source
apportionment of aerosol and rain samples with air parcel trajectories for the Mediterra-
nean region [28-30]. Kubilay et al. [31] firstly stated both the Middle East and North Afri-
can dust outbreaks within the same methodology perspective with using additional Esti-
mated Time of Arrival (Eta) model and EUMETSAT Meteorological Satellite (Meteosat)
visible channel images. Ozsoy et al. [32] used the same methodology which previously
Kubilay et al. [31] used, with an additional EUMETSAT, Advanced Very High-Resolution
Radiometer (AVHRR) visible channel data for describing a hemispheric dust storm in
1994 and discussed the results for Eastern Mediterranean. Kubilay et al. [33] firstly
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obtained optical properties of aerosol flux over Mersin, Erdemli with using radiometric
measurements at the Institute of Marine Sciences - Middle East Technical University - Er-
demli (IMS-METU-Erdemli), NASA, AErosol RObotic NETwork (AERONET) station
[34,35]. IMS-METU-Erdemli is the only AERONET station that currently operates in Tur-
key. However, just one sun-photometer station is insufficient when considering the whole
country area, but this substantial station has generated data since the '90s. It has been
located at the transport pathway of both North African and Middle East desert areas.

Considering the broader area, including Eastern Mediterranean and the Middle East,
it is possible to subclassify dust-related studies into two groups as air quality measure-
ments and remote sensing observations, respectively. In some cases, there are a certain
number of studies that use a combination of these techniques in an attempt to empower
analysis results. There are pretty several dust-related air quality studies defining the com-
ponents of PM mass conducted for Anatolian Peninsula [36-38], Cyprus [39], Lebanon
[40], Greece [41,42], and broader domain [6] to explain mainly exposure associated health
disorders and morbidity. It is possible to extend the list, but the significant point is that
in-situ PM measurements may define the mass and, if analyzed, associated physicochem-
ical components at surface elevation, but the proportion of dust intrusion is highly related
to mixing height within the PBL. Contrary to the surface and relative to PBL air mass
movements, retention time is prolonged if a particle reaches the free troposphere (FT). The
particle gains the ability to travel further distances from the source region [25,43]. For this
reason, remote sensing observations are quite helpful to clarify columnar atmospheric
constituents from ground level up to troposphere or even stratosphere.

In-situ passive instruments (sun-sky-lunar photometers) and Light Imaging, Detec-
tion, And Ranging (Lidar)s are prominent tools which are providing aerosol optical char-
acteristics and are used in calibrating/validating space-based sensor data [44]. In addition
to columnar passive sensor information [33,45-47], Lidars provide profiling information
of atmospheric particles. There are a certain number of Global Atmosphere Watch (GAW),
Aerosol Lidar Observation Network (GALION) member networks such as Europe-wide
The European Aerosol Research Lidar Network [48] and NASA, Micro-Pulse Lidar Net-
work [49]. Outstanding science groups operate these networks all around the world.
These instruments are valuable tools to identify aerosol microphysical properties as sys-
tematic and field campaign observations [50-53]. Along with mineralogical alterations
[54], optical properties are helpful to identify the differences between dust sources [55].
Apart from ground-based studies, satellite observations have advantageous spatiotem-
poral coverages. For the last two decades, several research studies have been conducted
for the greater Eastern Mediterranean basin utilizing different space-based observation
products by most passive instruments. In chronological order of these space-based pas-
sive payloads on different satellites are Landsat [56], Meteosat [31,57], Coastal Zone Color
Scanner (CZCS) [58], TOMS [45,59], AVHRR [32], METEOSAT Visible and Infra-Red Im-
ager (MVIRI) [58], SeaWIFS [60], Multi-angle Imaging Spectroradiometer (MISR) [61,62],
Cloud and Earth's Radiant Energy System (CERES) [62], Advanced Along-Track Scanning
Radiometer (AATSR) [63], Moderate Resolution Imaging Spectroradiometer (MODIS)
[59,61-63], The Medium Resolution Imaging Spectrometer (MERIS) [58,63], OMI [61,64],
Spinning Enhanced Visible and Infrared Imager (SEVIRI) [58], Polarization and Direction-
ality of the Earth's Reflectances (POLDER) [65] used within aerosol related studies in the
region. Even though passive space-based instruments provide a high global coverage rate,
they fall behind in vertical profiling. Cloud-Aerosol Lidar with Orthogonal Polarization
(CALIOP) onboard Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation
(CALIPSO) satellite is producing 3-D data on aerosol optical properties for more than a
decade [66] with a robust identification of mineral dust [67]. Several studies utilized this
3-D dataset in specific dust cases along with a synergistic approach [47,58,68-70] regional
scale [64,71] and global scale aerosol or dust research [72-74].

In this study, CALIPSO optimized [75] unique “Lldar climatology of Vertical Aerosol
Structure for space-based lidar simulation studies” (LIVAS) [76] pure dust dataset is used
to figure out a desert dust climatology over Turkey with surrounding regions. A part of
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this dataset (2007 - 2012) was earlier used along with MODIS aerosol and OMI trace gas
data by Georgoulias et al. [77] to classify the aerosol types over Eastern Mediterranean
(excluding eastern Anatolia). For the first time, Marinou et al. [78] studied the pure dust
climatology of Europe, and Proestakis et al. [79] studied south-eastern Asia. This clima-
tology study will be a follow-up of two studies mentioned above and fill a gap for this
region (25° - 45° N and 20° - 502 E).

2. Materials and Methods

To compose an aerosol, particularly a desert dust climatology of Turkey, several
space-borne remote sensors data are used in this study. They are Cloud-Aerosol Lidar and
Infrared Pathfinder Satellite Observation (CALIPSO) onboard Cloud-Aerosol Lidar with
Orthogonal Polarization (CALIOP), Aqua onboard Moderate Resolution Imaging Spec-
troradiometer (MODIS) and Spaceborne Imaging Radar-C/X-Band Synthetic Aperture Ra-
dar (SIR-C/X-SAR) derived Shuttle Radar Topography Mission (SRTM3), respectively.

2.1. Study Domain

In order to achieve the main aim, the study domain was selected as comprehensively
as possible to cover the whole Eastern Mediterranean Basin and the neighboring dust
source regions. Turkey is an intercontinental transition area of the Alpine-Himalayan oro-
genic belt from Asia to Europe with the Caucasus and Zagros mountains. With climaxes
in the Pontic and Taurus ranges, about 15 independently scattered mountains and
dormant volcanoes hosting glaciers at an average height of 3.500 m in Anatolia. Mount
Agr1 (5.165 m) is the highest dormant volcano with a 10 km? ice cap within the region [80].
Conversely to the mountainous structure of Anatolia, there are exciting depression zones
located on the broader study domain. The first one is the Dead Sea area (-413 m, Jordan -
Israel), the lowest continental region in the World. The others are Qattara (-133 m, Egypt)
and the Caspian Sea area (-28 m, Russia - Azerbaijan - Iran, Kazakhstan, and Turkmeni-
stan-not shown here). It is known that these types of depression regions in desert areas
pretended as dust transport sources [81,82].

Densely populated cities and sociocultural needs such as shelter, heating/cooling, in-
dustrial zones, and transportation networks are significant anthropogenic pollution
sources. Eastern Mediterranean basin hosts over 50 moderately big cities as Athens, Baku,
and Izmir, seven big cities as Alexandria and Ankara, and two megacities as Istanbul and
Cairo [83,84]. Distributed industries, capitals, busy road, rail, air, and maritime transport
networks are all included with these crowded settlement zones.

By this means, analysis and the results will be given in the following sections to in-
clude the intricate crossover structure of continental and marine bodies of this region. The
main study domain and corresponding longitudinal 10° confined three subdomains are
depicted in Figure 1. This Digital Elevation Map (DEM) is derived from the SRTM3 Digital
Elevation Model [85] so as to reflect the topographic characteristics of the main study do-
main with its borders.

Climatological horizontal aerosol optical depth (AOD) and pure dust optical depth
(DOD) distributions and corresponding temporal behaviors are discussed for the greater
study domain in the horizontal distributions section. Climatological and conditional total
aerosol, dust, and non-dust cross-sections are examined for the sub-domains in the verti-
cal distributions section.
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Figure 1. Study domain with corresponding sub-domains: Western 25° - 452 N and 202 - 30° E (1),
Central 25° - 452 N and 30° - 40° E (2), and Eastern 25° - 45° N and 40° - 50° E (3).

2.2. CALIPSO - CALIOP

CALIPSO carries out global cloud and aerosol profile observations on a sun-synchro-
nous near-polar orbiting track. Its mission was being a part of NASA’s afternoon train (A-
Train) constellation and taking simultaneous measurements along with the other member
satellites in an ascending mode with equator crossing at around 13.30 local time. In A-
Train, CALIPSO arranged its track position regarding Aqua and followed CloudSat’s or-
bital path with a time-lapse of a few seconds. Due to technical problems that affected
CloudSat’s maneuvering ability in 2017, CloudSat lowered its orbital track as of February
2018. Since they were designed intertwined to achieve sister measurements in the 1990s,
CALIPSO started to decline its orbital elevation from 705 km to 688 km in September 2018
to join CloudSat. As of 2018 Autumn, CALIPSO and CloudSat composed a Lidar and
Cloud Radar combination of C-Train constellation (capital letter ‘C” for each satellite).

CALIPSO has been orbiting around the World since 28.04.2006 with its three onboard
payloads. They are NASA and French National Centre for Space Studies (CNES) joint in-
strument CALIOP, Wide Field Camera (WFC), and The Imaging Infrared Radiometer
(IIR). CALIOP, the nadir pointing polarization Lidar instrument, provides high resolution
attenuated backscatter profiles from the polarized laser channels of 1064 nm and 532 nm.
Horizontally 333 m (at along-track) and vertically 30 m (up to 40 km) resolution meets in
nanoseconds above clouds, below thin clouds, and clear sky conditions [66,86].

CALIPSO processing algorithm detects the vertical location of each atmospheric
layer [87], discriminates clouds from aerosols [72], and then classifies aerosol layers into
sub-types as dust, polluted dust, marine, continental, and clean continental. The last and
the most significant step is in this classification process is using Lidar Ratio (LR) values
which are predicted according to extinction (o) to backscatter (3) ratio for each sub-type.
More detailed data optimization is made by utilizing ground-based EARLINET stations,
and also data validation is made by using the data of globally distributed stations of the
AERONET network [67,75,76].

In this study, CALIPSO Level 2 (L2), Version 3 (V3), horizontally 29x5° resolution data
are used to derive 1°x1° resolution pure desert dust aerosols and associated conditional
and climatological distributions. The study time window between 01.01.2007 and
31.12.2015 pertains to the A-Train constellation period. Moreover, this data does not
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belong to the laser degradation anomaly period from 01.09.2016 up to the present. This
low-energy anomaly reveals the decreasing quality of laser shots and the related products.
Anomaly period can be used with a strict filtering process, but this study intends not to
interfere with climatological data uniformity process procedures of EARLINET method-
ology.

To derive pure dust product, the discrimination methodology of Lidar climatology
of Vertical Aerosol Structure for space-based lidar simulation studies (LIVAS) database is
implemented to the dataset [76]. EARLINET and European Space Agency (ESA) joint
product of LIVAS database produce quality ensured, cloud screened, EARLINET opti-
mized. AERONET evaluated data described in more detail by Amiridis et al. [75] together
with the filtering procedure recommended by Winker et al. [66]. Moreover, dust and pol-
luted dust sub-types processed once again to gather pure dust o product are calculated
according to CALIPSO polluted dust and dust subtypes [75].

About 30 thousand, 5 km nominal resolution profile and layer files are downloaded
from Cloud-Aerosol-Water-Radiation Interactions (ICARE) Data and Archive Center
(http://www.icare.univ-lillel.fr/archive) to implement the aforementioned depolariza-
tion-based discrimination method of EARLINET. Downloaded data is sub-setted to po-
larization-sensitive 532 nm, the most suitable window for dust, and georeferenced to the
selected study domain. Both profile and layer files include geolocation, time, Cloud-Aer-
osol-Discrimination (CAD) Scores, corresponding uncertainties, and quality descriptive
flags. Besides that, profile files include perpendicular and parallel optical depth, extinc-
tion and backscatter coefficients, particle depolarization profiles, and surface elevation
statistics. On the other hand, layer files include surface feature properties, parallel and
perpendicular column optical properties, extinction and backscatter coefficients, and par-
ticle and volume depolarization ratios (0p).

Shifting LR values is an advanced step to retrieve desired products from the global
dataset. LR is set to the current announced global dust value as 44 sr [88]. However, 55 +
7 st is representative for Saharan dust and 43 + 5 for the Middle East [89-91]. Nevertheless,
Turkey is affected by dust transport from mostly Saharan, the Middle East, and rarely
Asian deserts [92]. Moreover, the study domain partially includes these source regions
themselves. These arguments make 44 sr LR value the most suitable for our region.

Following the procedure steps, other strict cloud features, and quality screening pro-
cedures, this data set has 30 - 160% uncertainties for extinction coefficient and 30 - 100%
for AOD [78]. According to the CALIPSO raw data release and error analysis report, ran-
dom error propagation results have no vital defects [93]. Data is at acceptable limits, and
the bias values are negligible. A detailed explanation of the methodology and European
implementation of this data can be found at Marinou et al. [78], and also Asia implemen-
tation can be found at Proestakis et al. [79].

2.3. Aqua - MODIS

Aqua is one of the triplet satellites (Aqua, Aura, and Terra) of NASA, a significant
member of the A-Train satellite constellation since 04.05.2002. For the time window of this
climatology study, Aqua and CALIPSO had the same orbital track with a small-time gap
that Aqua was 0.2 min faster than CALIPSO. Naturally, these time differences allow col-
lecting data from payloads following the same orbital track. At 705 km above the ground,
synchronous near-polar orbiting Aqua has several payloads at cross-purposes onboard.
These instruments are Atmospheric Infrared Sounder (AIRS), AMSU-A, Humidity
Sounder for Brazil (HSB), Advanced Microwave Scanning Radiometer for EOS (AMSR-
E), CERES, and MODIS.

In order to have a confidential reference point for the total aerosol, MODIS data is
used to compare CALIPSO aerosol and associated products. Since Lidar and Spectroradi-
ometer have different specifications, observations differ from each other. Whereas passive
instruments have some challenges in discriminating aerosol properties in path radiance
with an interfering effect of Top of Atmosphere (TOA) radiance. Since TOA radiance
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includes earthshine spectra, as a first step, path radiance should be separated from the
observation with specific assumptions. Same as the way that other passive instrument
methodologies have, MODIS is using a theoretical model and additionally SeaWiFS ob-
servations in recently updated aerosol algorithms. MODIS has a particle size-based aero-
sol typing method whose products are used to compare CALIPSO derived products on a
horizontal 2D basis.

The across-track scanning radiometer MODIS has higher spatiotemporal coverage
than CALIOP. It has a 7,085 km swath width and temporally covers the world within 1,5
days, while nadir pointing CALIPSO needs 16 days. MODIS utilizes solar energy with 36
spectral bands (0.4 - 14.5 um) as a passive sensor to carry out Earth observations.

To gather aerosol information for comparing patterns with CALIPSO derived pure
dust product, MODIS daily 1°x1° resolution, Collection 6, L3 MYDO08-D3 global atmos-
phere products are used in this study. Although the collection is updated to its recent
version of 6.1, it is suitable to use Collection 6 to follow the A-Train period of CALIPSO.
Moreover, the 550 nm dataset, within the convenient spectral window for dust, was vali-
dated over a part of the Eastern Mediterranean Basin previously [94]. There are two algo-
rithm types that the MODIS science team uses to retrieve atmospheric profile, stability
parameters, water vapor, optical and physical properties of aerosols and clouds, ozone
abundancy. The first one of these algorithms is Dark Target (DT), specifically for dark
surface features. The other is the bright surface-specific Deep Blue (DB) algorithm [95]. In
this study, a gridded and cloud screened DT & DB combined product covers whole co-
lumnar measurements over both continental and ocean surfaces. MODIS datasets are
available at NASA Atmosphere Archive & Distribution System (LAADS) website
(https://ladsweb.modaps.eosdis.nasa.gov/) via Distributed Active Archive Center
(DAAC).

2.4. Trend Decomposition Analysis

Horizontal pure dust data of western, central, and eastern domains were statistically
analyzed via Seasonal and Trend Decomposition using Loess (STL) method [96]. This ro-
bustly decompose a given time series data into seasonal, trend, and residual components
using embedded Loess regression curve smoothing with ordinary least squares polyno-
mial fit. There are six main steps in this method: 1. de-trending, 2. smoothing of cycle
subseries, 3. filtering of smoothed cycle subseries, 4. de-trending of cycle subseries, 5. de-
seasonalizing, and 6. trend smoothing, respectively. At the end of these statistical steps,
basically, primary time-series data (Yt) can be decomposed into seasonal cycle (S:), trend-
cycle (Tt), and residuals (R:) as Equation 1 shown below.

Y,=5+T,+ R, 1)

3. Results and Discussion
3.1. Horizontal Distributions

In this part of the results section, CALIPSO derived total, and seasonal mean aerosol
optical depth (AOD), and pure dust optical depth (DOD) horizontal distributions are pre-
sented for the period between 01/01/2007 and 31/12/2015. Horizontal outputs are plotted
with 19x1° spatial resolution CALIPSO derived product for the wider domain (20° - 50° E
and 25° - 45° N) to indicate climatological distributions. 9-year AOD and DOD mean val-
ues and their ratio are depicted in Figure 2 for the entire time window. As for the total
domain, the mean AOD value is 0.20£0.04, significantly increasing in eastern longitudes
where the Mediterranean Sea ends and Middle East desert areas start to exist longing to
the Persian Gulf. The region includes some of the world’s most crowded cities as Athens,
[stanbul, Izmir, Ankara, and Cairo. Also, it spreads to the southeastern shores of the Cas-
pian Sea together with the Eastern part of the Mediterranean Sea and the Black Sea, which
reveals anthropogenic and marine aerosol contribution to the total AOD load. Cairo and
most parts of Iraq, Kuwait, Saudi Arabia, and Iran have the highest AOD values in the
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region as 0.43 and 0.61, respectively. If we approach the region in terms of desert dust,
Mega-City Cairo [84] differs from the Eastern side of the Red Sea with about 60 % of an-
thropogenic and marine aerosols. The Middle East part or the main domain has 70 — 100
% dust abundance in the total aerosol budget. Decreasing values down to 0.05 can be ob-
served in northern longitudes over the Black Sea, highly forestry and mountainous north-
eastern Anatolia, and the Caucasus region (~3.5 - 4.5 km), which have endemic flora, fauna
and exceptionally high oxygen levels, and a few specific parts of the Aegean Sea and inner
Anatolia. The mountainous structure of this territory can also be tracked from the Digital
Elevation Map (DEM) depicted in Figure 1.
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Figure 2. Total 9-year horizontal aerosol & pure dust distributions with corresponding pure dust
to total aerosol ratio.

The average Pure Dust Optical Depth (DOD) value for the whole domain is 0.10+0.02,
increasing in desert areas with an apparent peak of 0.42 around the Persian Gulf. The
mean DOD value over Anatolia is ~0.05 with a significant increase up to 0.1 in the south-
eastern part of Turkey close to source regions at the Syria, Iraq, and Iran border. Further
cities from the Mediterranean Sea shoreline as Sirnak and Hakkari, dust pattern seems
like an extension of the Middle East source. Highly industrialized zone of the Marmara
and Aegean (western) parts including megacity Istanbul, additional Cukurova (last shores
of east Mediterranean at Turkey) with numerous large installed capacity thermal power
plants and harbors, capital Ankara and arid regions of Konya - Karaman basin (at south
of Ankara) indicates the non-dust aerosol contribution to total load. The pure dust to total
aerosol ratios of Marmara, Aegean Sea, Cukurova, and Konya-Karaman basin are ~20 %,
~25 %, ~40 %, and ~30 %, respectively.

It is possible to emphasize anthropogenic aerosols in these areas, including continen-
tal dust impact around Tuz Lake on Konya - Karaman basin. As depicted in Figure 1, ridge
elevations are lower in the Aegean and Marmara coasts, penetrating plains to inner Ana-
tolia, which carries marine climate further away from the water body. However, this study
does not contain any other aerosol type. Specifically, it is possible to mention marine aer-
osols in plain coastal regions. Also, the alluvial plain of Adana, similar to Antalya on the
Mediterranean coast, enables us to refer to marine aerosol contribution in these areas; like-
wise, the other countries have the Mediterranean and the Black Sea coastlines.
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A primary synoptic, seasonal classification in simplest terms as winter (December-
January-February-March), spring (April-May), summer (June-July-August-September),
and autumn (October-November) was made by Alpert et al. [97]. This classification clari-
fies the systems carrying dusty winds to the Eastern Mediterranean Basin. In the winter
wet season, westerlies generated over Italian Alpines dominate the region with high sea
surface temperature, causing low troughs and precipitation blocking Red Sea troughs [98].
Also, southwesterly Lodos is affecting the Aegean Sea environment. In spring, Khamsin
(Sharav) low dominates the region with dry heat strokes for about 50 days as the meaning
of Arabic wording Khamsin. Except for the Khamsin days period, the Red Sea trough is
adequate this season. In the summer months, the western branch of the Asian Monsoon,
Persian troughs is effectual over Anatolia, reaching Aegean costs and subtropical highs
[99]. Conversely, to Lodos, Etesian (Meltemi) winds reach Egypt from the Aegean Sea
[100]. In their classification’s autumn, the Persian trough starts to decay and leaves the
region to the Red Sea troughs [97]. According to these synoptically classified seasons, it is
evident that dust-carrying winds are arriving over Anatolian land throughout the year.

In this study, out of those synoptic-based seasonal classifications mentioned above,
3-month seasonal grouping for 9-year DOD distributions is organized as November-De-
cember-January (ND]J), February-March-April (FMA), May-June-July (M]]), and August-
September-October (ASO) based on monthly mean distributions (108 months, not shown
here) and also 9-year monthly mean distributions depicted in Figure A1l. Seasonal group-
ing starts with the first observed particular dust transport pattern in February. As solar
irradiance starts to increase at the end of the cold-wet months on the Eastern Mediterra-
nean basin, dust particles become lofted with the prevailing winds from both Sahara and
the Middle East deserts, apparently as shown in Figure Al and Table 1. According to this
seasonal grouping, the ratio of dusty overpasses, DOD, and AOD values of CALIPSO are
presented in Figure A2. Based on these maps, it is possible to notice 0 % dusty pixels in
the Caucasus part in FMA and NDJ seasons. Once the dust particles are suspended from
the surface and gain head, they can travel long distances. Also, over the climaxes of Tur-
key in the eastern region, values decrease dramatically by 10 %. This drop can be ex-
plained by the sudden elevation increase there (Figure 1); the high ridges form a natural
barrier against dust transport. However, data is generally of good quality in all seasons
with an average 70 % dust occurrence score (Figure A2). 100% values naturally observed
over closer sources of the Middle East.

12x1? confined, and seasonally classified 9-year mean CALIPSO Pure Dust Optical
Depth (DOD) and Aerosol Optical Depth (AOD) horizontal distributions are depicted in
Figure 3 together with concurrent MODIS AOD distributions. For the same seasonal clas-
sification Dust Center Height (DCH, km) and Dust Top Height (DTH, km) views are de-
picted in Figure 4. Additionally, seasonal summary statistics on AOD, DOD, DCH, and
DTH are given in Table 1. Since MODIS quality ensured atmospheric products are broadly
used and mostly validated, it is a good reference point to compare with CALIPSO derived
products of this study. The same procedure and time window are used for MODIS AOD
data as retrieved, geographically confined, and seasonally classified. Correlations be-
tween MODIS AOD and CALIPSO DOD and AOD results are very high at the level of 95-
97 % except for the Western part. In general, CALIPSO observations tend to have lower
values than MODIS from the nature of its remote sensing technique. While the passive
sensor onboard Aqua has a large swath width (> 700 km) on the Earth’s surface, CALIOP
has only laser shot points in an orbital row. In the present case, measurement density is
inherently low, as it is impossible to mention the instantaneous horizontal coverage for
the onboard Lidar. This lower measurement density becomes apparent in the Western
subdomain. In this region, dust and aerosol abundancy is rare with respect to the neigh-
boring and the Eastern part. Lower abundancy causes lower AOD and accordingly causes
lower correlation with MODIS AOD (89 % in West).
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Figure 3. 9-year seasonal CALIPSO total aerosol, CALIPSO derived pure dust & MODIS total aer-
osol horizontal distributions.

At first glance from Figure 3 and the monthly distributions in corresponding Figure
Al, itis possible to classify NDJ as low, FMA as transition, and MJJ and ASO as high dust-
affected seasons for Anatolia. Dust patterns increase in FMA concerning NDJ and de-
crease in ASO relative to MJJ. Especially over the Mediterranean shores of North Africa,
dust starts to become lofted (Figure 4) and transported to remote locations from the
sources due to the prevailing wind characteristics. As the wet season comes to an end,
solar energy intensity increases, and the transition process to spring season begins. In Feb-
ruary, dust-carrying Lodos winds begin to gust through upcountry and reach even the
Black Sea. However, Lodos winds turn out to be storms with an average speed of 80 km/h
over the Aegean Sea, Canakkale (Dardanelles) Strait, Marmara Sea, and Bosporus (Istan-
bul). Following this, soil moisture and humidity decrease over source regions [101] ac-
cordingly, dust particles reach to top levels in the troposphere (~6 km), and dust abun-
dance increase to maximum values (~2.5) in FMA season throughout the basin.

Figure 3, Figure 4, and Table 1 show that the highest season in terms of all parameters
is MJJ. Dust is the significant contributor to total aerosol load in these months, and it ap-
parently shows an ascending trend. Parallel to increased mass loading, transport eleva-
tions are rising to the climaxes of the mountain ranges from the Zagros to the Caucasus.
From this point of view, transport heights of dust particles are quite different compared
to other seasons. The center of the peak mass loading in an atmospheric measurement
column, DCH in our case, is elevated parallel to DTH. This reveals dust particles overcome
high obstacles of the Taurus, North Anatolian, and Caucasus mountain ranges. Thus, dust
plumes reach the most remote places in the back slopes of ridges and tend to dry deposit.
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In ASO season, although transport elevations are slightly decreasing concerning MJ]J,
still lofted particles have the ability to climb over high ridges. Conversely to the FMA
season, the solar intensity falls from the second half of August. Hot spots over the Middle
East and North Africa are getting smoother in proportion to the previous warm months,
and the dust pattern recedes to low latitudes. As the season turns out to be Autumn, pre-
cipitation causes particulate matter scavenging from the atmosphere. Secondly, particles
faced with high mountain ranges with a decreased vertical head tend to accumulate in the
front slopes more than that of the back slopes of the climaxes.

Table 1. Summary statistics of 9-year seasonal DOD, max. DOD, dust to the total aerosol ratio (DR, %), dust center height (DCH,
km), dust top height (DTH, km) for the broader and the individual subdomains.

Season DOD * Std Max. DOD DR (%) DCH + Std Min. DCH DTH £ Std Max. DTH
NDJ 0.05+0.08 1.35 38.36 1.40+0.51 0.37 2.29 +0.57 4.12
Broader Domain FMA 0.12+0.19 247 66.58 1.86+0.53 0.44 3.18 +0.68 5.85
252-45°Nand 20°-50°E MJJ] 0.14+0.20 2.58 7122 2.01+0.53 0.82 3.58 +0.76 5.73
ASO 0.10+0.13 1.79 55.47 1.81+0.59 0.54 3.25+0.81 5.61
NDJ 0.03+0.06 0.81 29.94 1.23+0.40 0.47 2.07 +0.51 3.97
Western (1) FMA 0.08+0.12 247 51.88 1.69+0.37 0.70 291 +0.56 5.59
25%-45°Nand 20°-30°E  MJ]  0.07+0.08 1.02 50.16 1.74+0.36 0.82 3.09+£0.48 4.34
ASO 0.05+0.06 0.88 35.37 1.45+0.30 0.61 2.65 +0.39 4.35
NDJ 0.05+0.07 0.69 38.32 1.37+044 0.37 2.25+0.49 3.78
Central (2) FMA 0.09+0.14 1.67 59.67 1.84+0.52 0.44 3.11+0.64 5.07
25°-45°Nand 30°-40°E MJJ] 0.09+0.12 1.70 59.29 1.91+0.48 0.96 3.38 +0.63 4.95
ASO 0.08+0.10 1.79 4894 1.74+0.52 0.54 3.11+0.70 4.99
NDJ 0.07+0.10 1.35 4494 1.59+0.63 0.50 2.54+0.63 4.12
Eastern (3) FMA 0.20+0.25 2.13 80.19 2.06+0.63 0.71 3.51+0.71 5.85
252-45°Nand 40°-50°E MJ] 0.27+0.27 2.58 85.96 2.37+0.52 1.49 4.28 +0.60 5.73
ASO 0.18+0.16 1.76 7198 2.23+0.61 1.23 3.98 +0.66 5.61

With the month of November, autumn transition completed and leaves its mission
to cold-wet weather conditions. Dry deposition leaves its place to scavenging systems via
snow and rainfall. Numerous scientific groups have studied atmospheric dust contribu-
tion to CCN and IN formation mechanisms [22-27, 102]. As NDJ is defined as the low
season, in November, the frequency of Lodos storms is getting lower, but wind speed is
increasing dramatically. The most recent extreme event had reached up to 150 km/h over
Istanbul. Dust is bringing precipitation, and scavenging drops the dust in the air, vice
versa [103].
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Figure 4. 9-year seasonal mean dust center height (mass, DCH) & dust (mass, DTH) top height
horizontal distributions (asl-km).

Out of monthly synoptic variations, massive oceanic oscillation systems regulate the
inter-annual changes in dust fluxes in the atmosphere. The area between Euphrates and
Tigris rivers in The Middle East is called Fertile Crescent. It is almost wholly a desert
without the presence of water. Synergistic effects of Pacific Decadal Oscillation (PDO) and
El Nifio Southern Oscillation (ENSO) are mainly responsible for precipitation drops and,
accordingly, droughts in the region [101]. It is well known that the North Atlantic Oscil-
lation (NAO) has a significant impact on Saharan dust mobility [104].

Trend decomposition analysis is conducted for 9-year (108 months) pure dust data
derived from the CALIPSO product. Analysis results are depicted as a regional (year™)
map and relevant trends in Figure 5. The significance of the analysis results are primarily
between 90-95 % confidence interval, and seasonally decomposed trends tend to decrease
slightly in all three domains. Especially there is an increasing pattern after 2007, which is
the most affected year from the oscillation dynamics in the Middle East. As the soil mois-
ture descends, dust mobility ascends [104]. It is possible to describe all three sub-domains
are matching and nonmatching in certain points. There is a highlighting peak in the mid-
dle of 2011 in the Central and Western parts. Before 2011, it is smoother and lower in
Central concerning Western and Eastern. There are two peaks till 2012 in the West, but
the trend is more continuous and inflated in the East, with a significant peak closer to the
beginning of 2011, not in the middle. However, the mass load increased from the West to
the East; another critical point was the decrease in 2014. It can be attributed to the increase
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in precipitation and soil moisture experienced in the same year. The correlation between
soil moisture, precipitation, surface wind and AOD in The Middle East is described by
Klingmiiller et al. [101]. In that study, MODIS-AOD trends were calculated based on two
different time windows as 2000 — 2015 and 2001 — 2012, respectively. For those periods, it
has been found out that there is a strong increasing trend (within 99 % confidence interval)
for mainly the Arabian Peninsula in that study. It should be pointed out that the total
aerosol load may cover all natural and anthropogenic particles for the observed region.
Here, pure dust trends of this Eastern Mediterranean domain is calculated for the first
time, and decreasing trends are mainly located below the southern Turkish border. Paral-
lel findings of sand and dust (SDS) observations reveal a descending lofted dust mass
between the southern Turkish border and the north-western side of the Persian Gulf [105].
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Figure 5. 9-year (108 months) trend slopes for main and corresponding subdomains (a); trend,
seasonality and residue decomposition for sub-domains: (b) Eastern, (c) Central, and (d) Western.

3.2. Vertical Distributions
3.2.1. Climatological Profiles

Climatological extinction cross sections for total, dust and non-dust aerosols are pre-
sented for the three sub-domains in this part. Within the broader domain, longitudinal 10°
confined sub-domains are previously given in Figure 1. The same seasonal grouping gath-
ers longitudinally averaged vertical profiles up to 10 km above mean sea level. Following
cross-sectional maps also include embedded minimum, average, and maximum mean el-
evation information for the 10° slices.

Horizontal optical depth turns out to be columnar extinction on a vertical basis. From
a different point of view, extinction cross-sections of total, dust and non-dust aerosols are
decomposed for the Western sub-domain between 20° - 302 E and 25° - 452 N are given in
Figure 6. This part includes highly industrialized and densely populated west Anatolia
and Marmara regions with Greece, Macedonia, Bulgaria, and partially Albania, Serbia,
Romania, Libya, and Egypt. Slight depression, namely source zones in Libya and the sig-
nificant Qattara region in Egypt, are located herein. The lowest transport elevations and
corresponding low values for all types are observed here, considering the other two sub-
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domains, which are also mentioned in horizontal distributions. Lodos is effective in the
wet season while Khamsin winds in the dry season. Also, Khamsin winds are the critically
responsible for high temperatures and drying soil in the broader Eastern Mediterranean
Basin. By the Lodos and prevailing westerlies gusting through the Aegean Sea up to the
northern areas, pure dust values increase in FMA season. The pure dust portion in the
total load is dramatically increasing with the lofted particles from the source regions. It
becomes evident between 25° - 35° N until the buoyant particles face the Taurus mountain
range barrier. Additionally, by the Persian through, which is the western part of the Asian
Monsoon, transport heights are kept more or less identical in MJJ for the previous months.
When summer starts to shift autumn, both elevations and abundance show an attenuated
profile conversely to the inclining non-dust aerosols between 35 - 452 N.
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Figure 6. Climatological vertical total aerosol (a-d), pure dust (e-h) & non-dust aerosol (i-1) sea-
sonal distributions of the Western subdomain with corresponding topographic information. Sea-
sons: (a,i,1) NDJ, (b,£,j) FMA, (¢,g,k) MJJ, and (d,h,1) ASO.

Especially it is possible to emphasize that from mid to northern latitudes, the non-
dust part with a marine portion is specifically dominated by anthropogenic aerosols in
total aerosol load. Highest season FMA in the western domain shifts to summer months
as we move to the east. Figure 7 depicts the climatological seasonal vertical dust cross
sections for the Central sub-domain between 30° - 40° E and 25° - 45° N. It covers central
Anatolia, the Sinai Peninsula, the Red Sea, and the Middle East countries in the Mediter-
ranean basin. This sub-domain has higher values than the western one is highly connected
with those mentioned earlier dust-carrying synoptic systems. Besides westerlies and
Khamsin low, the Persian trough and the Red Sea trough are more effective. Persian
trough shifts peak values effectively to MJJ and ASO seasons. From 35° N latitudes of
Anatolia, because of the increasing average elevations with continuing Taurus system,
abundancy of transported dust increases in ground levels. Accumulation due to the
downslope effect leads to air quality degradation in the southern slopes of the seashore.
Also, other types of aerosol, which can be a mixture of continental and anthropogenic, are
highly abundant in the other direction of the downslopes. However, it can be seen that
the dust particles which could pass through the topographical barrier they encountered
and reach mid-Anatolia at ground level. Another crucial barrier against the northern lati-
tudes is that the Black Sea mountain ranges stand between the mainland and the sea.
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Figure 7. Climatological vertical total aerosol (a-d), pure dust (e-h) & non-dust aerosol (i-1) sea-
sonal distributions of the Central subdomain with corresponding topographic information. Sea-
sons: (a,i,1) NDJ, (b,£,j) FMA, (¢,g,k) MJ], and (d,h,1) ASO.

Climatological seasonal total, dust, and non-dust cross sections for the eastern sub-
domain between 40° - 502 E and 25° - 452 N are depicted in Figure 8. Besides 3.000 m aver-
age elevations, altitude drops dramatically towards the Middle East in the southeastern
part of Turkey. Close by Dead Sea shores, topography changes dramatically to below
mean sea level reveals to depression zones that are probable source regions. A significant
part of the Middle East countries and the northern shores of the Persian Gulf is located
herein. Large dust source areas are also located in this sub-domain, even with a direct
continental connection without the buffer of the mountain ranges surrounding the Medi-
terranean Sea. Southeastern mean sea level planes penetrate the inner parts as the Taurus
mountain range edge out to the northern latitudes. It is possible to characterize this region
as the most different in terms of general aerosol density, dust density, transport height
and topography variance. Even the FMA season, which has the lowest intensity, has many
times higher values than the seasons with the highest intensity in other regions. It can be
attributed to the northern hemisphere’s dominating wind types on a diagonal axis from
the southwest to northeast comes from the curvature and the orbital direction of the globe.
A wide range of transported dust can meet the region whether it is only Saharan or Middle
East dust or is a mixture of both. It is known that there is also transport from the desert
regions of near Asia, although it is very infrequent [92]. Since the transport heights are too
high, the Eastern Anatolian mountain ranges do not always form an obstacle against the
dust. However, the Caucasus Mountains do not allow dust to pass to higher latitudes as
a second obstacle. MJ] and ASO seasons show similarities in dust heights, but in terms of
intensity, FMA and M]J] seasons are more similar at lower altitudes. Non-dust intensity at
lower altitudes increases in NDJ, most probably due to heating purposes for this moun-
tainous region. It is possible to interpret local, continental dust contribution for deforested
areas. In some cases, dust devils and haboobs can be experienced in the southern areas of
Turkey [106], just as in the Konya-Karaman basin in Central Anatolia.
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Figure 8. Seasonal climatological vertical total aerosol (a-d), pure dust (e-h) & non-dust aerosol (i-
1) seasonal distributions of the Eastern subdomain with corresponding topographic information.
Seasons: (a,i1) NDJ, (b,f,j) FMA, (c,g,k) MJ], and (d,h,1) ASO.

3.2.2. Conditional Profiles
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Figure 9. Seasonal conditional vertical pure dust distributions of (1) Western: (a,d,g,j), (2) Central
(b,e,h k) & (3) Eastern (c,f,i,1) subdomains with corresponding topographic information. Seasons:
(a,b,c,) NDJ, (d,e,f) FMA, (gh,i) MJJ, and (j,k,1) ASO.

In the latest cross-section part, seasonal conditional extinction profiles of pure dust
for three subdomains are depicted in Figure 9. Conditional is the term used to explain the
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incidence of dust transport cases. It is observed that November, December and January
are the most stable and low intense months throughout the Eastern Mediterranean Basin.
February, March and April are the dominant months for the Center and West. It can be
revealed from the profiles that the incidence of dust transport events is getting higher and
higher as the location shifts from west to east (avg 100 Mm; max ~200 Mm-1). Obviously,
the most intense region in terms of frequency and mass is the eastern parts of Turkey and
especially the Eastern Mediterranean basin. As a matter of fact, there are some low-inten-
sity months in a year, and it would not be wrong to express Turkey, with all its regions, is
under the effect of long-range transported desert originated particle load the whole year.

4. Conclusions

Turkey is located amidst North Africa, the Middle East and Asia deserts, the so-called
Dusty Belt, which leads to 12-month exposure of transported particulate matter emissions.
It is known that desert dust aerosols are transported within the PBL limits and low trop-
osphere. In some cases, they may reach the free troposphere and travel further distances
from the source regions. When considering Turkey's and the neighboring regions' intrin-
sic topographical structure and elevation characteristics, it is possible to emphasize the
impact of natural barriers of mountain ranges and wet deposition dynamics of the spring
and autumn months. If lofted particles overcome these high ridges or are not imposed to
deposition mechanisms, they can be found at the ground level of the inner areas. This
natural pollution phenomenon mainly affects the ambient air of rural and urban areas and
correlatively biotic and abiotic environments. When Turkey's commitments are consid-
ered in air quality amendment actions, natural contribution to the total particulate matter
load should be proofed with universal consent scientific techniques. For this purpose and
to clarify the impact of natural dust phenomenon over the region, to the authors' best
knowledge, 9-year 3D pure dust climatology of Turkey is formed with CALIPSO derived
product for the first time. These climatology results point out horizontal and vertical dis-
tributions together with trends of Western, Central and Eastern sub-domains.

Mainly, desert dust abundancy increases in the west to east direction with prevailing
and local wind systems. Moreover, synoptic-scale air movements in the region reveal sea-
sonal variability. February is the first dust intrusion observed month, starting seasonal
grouping in this study. November, December and January are the most stable and low
mass-case incidence months in a year. February, March and April are the highest months
for Western and Central regions. The Eastern region is the most intense in terms of fre-
quency and mass abundance concerning the others. There is also a high season shift from
spring to summer and autumn months. The seasonal grouping composed of May, June,
and July months is the most active period as the whole sub-domains have the highest dust
elevations, incidences, and mass loads. From inter-annual variability, oceanic oscillation
systems such as ENSO, PDO and NAO are synergistically effective in the Eastern Medi-
terranean basin. Although all sub-domains tend to have decreased trends, the Eastern part
still has the highest values close to ground level. The mountainous structure of Turkey is
a natural buffer that disables particles to reach inner parts and northern latitudes. Mean-
while, it enables air quality degradation near southern slopes with downwelling accumu-
lative effects.

To the authors' best knowledge, this study points out desert dust and total aerosol
climatology for Turkey. All outputs can be used solely or as a combination of other remote
sensing and in-situ techniques to better explain dust, aerosol and cloud interactions. Be-
sides, it is thought to create a different perspective and background information for poli-
cymakers.
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Figure A1. 9-year CALIPSO derived monthly pure dust distributions.
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Figure A2. 9-year seasonally classified used scenes of CALIPSO dusty overpasses (%) with corre-

sponding pure dust and total aerosol horizontal distributions.
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